Abstract: Aluminium-based complex hydrides (alanates) composed of metal cation(s) and complex anion(s), [AlH 4 ] − or [AlH 6 ] 3− with covalent Al-H bonds, have attracted tremendous attention as hydrogen storage materials since the discovery of the reversible hydrogen desorption and absorption reactions on Ti-enhanced NaAlH 4 . In cases wherein alkaline-earth metals (M) are used as a metal cation, MAlH 5 with corner-sharing AlH 6 octahedron chains are known to form. The crystal structure of SrAlH 5 has remained unsolved although two different results have been theoretically and experimentally proposed. Focusing on the corner-sharing AlH 6 octahedron chains as a unique feature of the alkaline-earth metal, we here report the crystal structure of SrAlD 5 investigated by synchrotron radiation powder X-ray and neutron diffraction. 
Introduction
Aluminium-based complex hydrides (alanates) composed of metal cation(s) (typically alkali or alkaline-earth metals) and a complex anion, [AlH 4 ] − or [AlH 6 ] 3− with covalent Al-H bonds, have attracted tremendous attention as hydrogen storage materials since Bogdanović and Schwickardi reported the reversible hydrogen desorption and absorption reactions on Ti-enhanced NaAlH 4 (Equation (1)) [1] [2] [3] [4] [5] . NaAlH 4 ↔ 1/3Na 3 AlH 6 + 2/3Al + H 2 (g) ↔ NaH + Al + 1/2H 2 (g)
NaAlH 4 is composed of Na + and [AlH 4 ] − , and Na 3 AlH 6 is composed of Na + and [AlH 6 ] 3− ; hereafter, these as referred to as Na tetra-alanates and Na hexa-alanates, respectively.
In addition to studies on NaAlH 4 with Ti-based additives as hydrogen storage materials, exploratory studies on new alanates with different metal cations have also been conducted. Interestingly, alkaline-earth metal tetra-alanates M(AlH 4 ) 2 composed of an alkaline-earth metal (M) and [AlH 4 ] − decompose into MAlH 5 containing corner-sharing AlH 6 octahedron chains [3, [6] [7] [8] [9] after releasing hydrogen from M(AlH 4 ) 2 (Equation (2)). We refer to MAlH 5 as an alkaline-earth metal penta-alanate. M(AlH 4 ) 2 → MAlH 5 + Al + 3/2H 2 (g) (2) Alanates with alkali metals, such as NaAlH 4 [1] [2] [3] [4] [5] , or mixed alkali and alkaline-earth metal cations, such as LiCa(AlH 4 ) 3 [10] , do not form alanates with corner-sharing AlH 6 octahedron chains. Therefore, the corner-sharing AlH 6 octahedron chains are a unique feature of alanates composed of alkaline-earth metals. Although the crystal structures of CaAlH 5 [6] [7] [8] and BaAlH 5 [9] have been experimentally and theoretically identified, the structures of BeAlH 5 , MgAlH 5 and SrAlH 5 have so far not been experimentally proven. BeAlH 5 and MgAlH 5 may be difficult to form due to the small size of Be 2+ and Mg 2+ . By contrast, SrAlH 5 could be formed based on the size of the Sr 2+ . Indeed, two crystal structures for SrAlH 5 have been theoretically and experimentally proposed by Klaveness et al. [7] and Pommerin et al. [11] , respectively. Both crystal structures have similar orthorhombic unit cells with a ≈ 4.6 Å, b ≈ 5.0 Å and c ≈ 12.7 Å, but different space groups. The theoretically proposed crystal structure was adopted the space group P2 1 2 1 2 1 (No. 19) with a BaAlF 5 -type crystal structure. The experimentally proposed crystal structure was described in space group Pnma (No. 62). Since the crystal structure reported by Pommerin et al. was studied using conventional powder X-ray diffraction, the positions of the hydrogen atom have not been determined. Even though P2 1 2 1 2 1 is a subgroup of Pnma, the two proposed crystal structures give markedly different simulated powder X-ray diffraction patterns [11] . This demonstrates that they do not only differ with respect to inclusion of hydrogen but also have significantly different Sr-Al sublattice. Thus, the crystal structure of SrAlH 5 remains unclarified. In the context of exploratory studies on new alanates, various Sr-Al hydrides with covalent Al-H bonds, including SrAlSiH [12] , SrAl 2 H 2 [12, 13] , Sr(AlH 4 )Cl [10] and Sr 2 AlH 7 [14] , have been reported. In the alanate family, Sr forms the most diverse set of Al-based (complex) hydrides with covalent Al-H bonds. For further understanding of alanates, a complete crystal structure determination of SrAlH 5 would be indispensable.
Therefore, we here report the crystal structure of SrAlH 5 using synchrotron radiation powder X-ray (SR-PXD) and powder neutron diffraction (PND) on isotopically labelled SrAlD 5 . Furthermore, we discuss the crystal structures of MAlH 5 , related alanates and Al-based hydrides with covalent Al-H distances viewed from dependences of metal cations.
Materials and Methods
SrAlD 5 was synthesised by heat-treatment of mechanochemical milled SrD 2 and AlD 3 in the molar ratio 1:2 at 428 K for 1 h in Ar atmosphere of 0.1 MPa. SrD 2 as the starting material was synthesised from dendritic pieces of Sr (Sigma-Aldrich, St. Louis, MO, USA, 99.99%) at 673 K for 10 h in a deuterium gas pressure of 0.5 MPa. AlD 3 as the starting material was synthesised in diethyl ether according to the chemical reaction of LiAlD 4 and AlCl 3 [15, 16] . The mixture of SrD 2 and AlD 3 was ball-milled at 400 r.p.m. under a deuterium gas pressure of 0.3 MPa using a Fritsch P7. The effective milling time was 3 h. Milling times of 15 min were alternated with pauses of 5 min duration, similar to our previous study [8, 10, 17] .
SrAlD 5 was initially measured using a conventional powder X-ray diffractometer (PXD, PANalytical X'PERT, Almelo, Netherlands, with Cu Kα radiation (wavelength λ = 1.5406 Å for Kα1 and 1.5444 Å for Kα2)) at room temperature. The sample for PXD was placed in a Lindemann glass capillary (outside diameter = 0.50 mm, thickness = 0.01 mm) and sealed with paraffin liquid for the PXD measurement with a transmission geometry at room temperature.
The high-resolution SR-PXD data of SrAlD 5 were collected at room temperature at the Swiss-Norwegian beamlines (station BM01B) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The sample was placed in a rotating 0.5 mm borosilicate glass capillary. The wavelength of 0.5053 Å was obtained from a channel-cut Si (111) monochromator. Data were collected up to 40 • in steps of 0.0065 • in 2θ with 6 scintillator detectors fitted with analyser crystals.
The PND data of SrAlD 5 were collected at 10 K and room temperature using the PUS instrument at the JEEP II reactor in Kjeller, Norway. The sample was placed in a cylindrical vanadium sample holder with a diameter of 6 mm. The wavelength of 1.5539 Å was obtained from a Ge (511) focusing monochromator. Data were collected from 10 • to 130 • and binned in steps of 0.05 • in 2θ.
The PXD peaks of SrAlD 5 were indexed by TREOR97 [18] to determine the initial unit cell parameters for the structural determinations. Crystal structure determinations of SrAlD 5 with SR-PXD and PND data were performed combined with the ab initio structural determination programme FOX (version 1.9.0.2) [19] and the Rietveld programme GSAS with the graphical interface EXPGUI (version 1.80) [20] . FOX is used for determination of an initial crystal structure model and GSAS is used for the refinements of the initial crystal structure model. In the Rietveld analysis, the Pseudo-Voigt peak shape function with the Finger-Cox-Jephcoat asymmetry correction [21, 22] was used. The background for SR-PXD and PND was modelled using the Chebyschev polynomial function in GSAS with 12 terms. Al-D distances in SrAlD 5 were refined using a soft restraint, Al-D = 1.80 Å and Sr-D = 2.45 Å. Al and SrD 2 were added as the impurity phases for the Rietveld refinement.
All samples were handled in Ar filled glove boxes with a dew point below 183 K and with less than 1 ppm of O 2 to prevent (hydro-) oxidation.
Results
The synthesised sample, which was obtained from heat-treatment of mechanochemical milled SrD 2 and AlD 3 in the molar ratio of 1:2 at 428 K for 1 h in Ar atmosphere of 0.1 MPa, was characterised using conventional powder X-ray diffraction ( Figure S1 in the Supplementary Material). Bragg peaks from metallic Al and unreacted SrD 2 were easily identified. Al originated from AlD 3 decomposition or the mechanochemical milled SrD 2 + 2AlD 3 since the presence of a complex anion, [AlD 4 ] -, in the mechanochemical milled sample was identified by Raman spectroscopy. This confirms that Sr(AlD 4 ) 2 could be obtained from mechanochemical milling of SrD 2 + 2AlD 3 as reported in previous works [8, 10, 17] although the crystal structure of Sr(AlD 4 ) 2 could not be determined due to its poor crystallinity. The remaining Bragg peaks were indexed by an orthorhombic unit cell with a ≈ 4.66 Å, b ≈ 12.71 Å and c ≈ 5.03 Å, and these values are close to the theoretically and experimentally reported unit cell parameters of SrAlH 5 [7, 11] . Therefore, SrAlD 5 is the main phase present in the synthesised sample (the differences between this study and the past studies will be addressed in detail in the discussion).
Considering the reflection conditions on the obtained orthorhombic unit cell, possible space groups were selected. Then, the ab initio structural determination programme FOX (version 1.9.0.2) [19] was performed on the orthorhombic unit cell with the selected space group and the SR-PXD and PND measured at room temperature for finding an initial crystal structure model for Rietveld refinement. All possible initial crystal structure models were attempted to be refined by the Rietveld programme GSAS with the graphical interface EXPGUI (version 1.80) [20] . Finally, the measured SR-PXD and PND patterns at room temperature are reasonably reproduced by SrAlD 5 with a = 4.6226 (10) Table 1 . SrAlD 5 was clarified to adopt corner-sharing AlD 6 octahedron chains as the other penta-alanates. The inter-atomic distances of Al-D (1.77-1.81 Å) and Sr-D (2.46-3.04 Å) are listed in Table 2 , which clearly shows that the both inter-atomic distances were reasonable compared with binary hydrides AlD 3 [3] and SrD 2 [23] or alanates and aluminium-based complex hydrides with AlD 6 units [3] (discussed later). 
Discussion
The different proposed crystal structure models and their simulated diffraction patterns are shown in Figure S2 in the Supplementary Material. All crystal structure models show orthorhombic unit cells but in different space groups. The crystal structure reported by Pommerin et al. shows a similar SR-PXD pattern as the one calculated using our crystal structure model despite the lack of hydrogen or deuterium atoms. This shows that the both metal atomic arrangements are nearly identical to our crystal structure model. By contrast, the crystal structure reported by Klaveness et al. neither fits with the SR-PXD nor PND from our crystal structure model. Attempts to refine the Pnma model from Pommerin et al. with our data, resulted in highly distorted AlD 6 octahedra and poor fits to both SR-PXD and PND. The model and fits did not improve significantly by reducing the symmetry from Pnma (No. 62) to space group P2 1 2 1 2 1 (No. 19) which is a subgroup of Pnma (No. 62). The PND pattern remained largely unchanged at 10 K (not shown). This indicates that SrAlD 5 does not undergo any crystal structure transitions at lower temperatures. Therefore, SrAlD 5 cannot be accurately represented by the space group Pnma (No. 62) nor the space group P2 1 2 1 2 1 (No. 19), neither at room temperatures nor 10 K. The new model presented here is the most reasonable crystal structure for SrAlD 5 .
The crystal structure data for MAlD 5 compounds (M: Ca, Sr, Ba) and the average Al-D, M-D and M-Al distances are listed in Table 3 [8, 9] . The AlD 6 octahedron chains in MAlD 5 are illustrated in Figure 2 . The average Al-D distances in MAlD 5 are unaffected by the cation size. They are in the range of 1.75-1.80 Å whereas the average M-D or M-Al distances increase with increasing metal cation radius. Focusing on the AlD 6 octahedron chains in MAlD 5 , the AlD 6 octahedron, viewed along the AlD 6 octahedron chains, appears qualitatively more canted as the metal cation radius decreases (Figure 2) . Indeed, the ionic radius of Ca 2+ is markedly smaller than Sr 2+ and Ba 2+ and CaAlD 5 takes a more complex monoclinic structure with twice the number of formula units per unit cell compared to the orthorhombic SrAlD 5 and BaAlD 5 . This suggests that BeAlH 5 and MgAlH 5 might be speculated to have low symmetry structures with large unit cells if BeAlH 5 and MgAlH 5 could be formed.
In the context of SrAlH 5 , Pommerin et al. also reported that EuAlH 5 exhibited an isomorphic crystal structure similar to SrAlH 5 in spite of the rare-earth metal [11] . This might originate into size and valence of cation metals because Eu 2+ has close ionic radius to Sr 2+ [24] and trivalent rare-earth metals do not yield the AlH 6 octahedron chains but isolated AlH 6 ([AlH 6 ] 3-) [25] . Although only EuAlH 5 has been experimentally identified, divalent rare-earth metals with close ionic radius to Ca 2+ , Sr 2+ and Ba 2+ would be speculated to form penta-alanates such as EuAlH 5 . Figure 3 shows the metal cation dependences on the average metal cation-Al and Al-D distances [3, [8] [9] [10] [12] [13] [14] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] in related alanates (deuterides) with covalent Al-D bonds. The average Al-D distances in corner-sharing AlD 6 octahedra in MAlD 5 are consistent with those found in hexa-alanates [3] , Sr 2 AlD 7 [14] and Ba 2 AlD 7 [26] . However the D-Al-D angles in the penta-alanates (Table 3) Figure 3 shows the metal cation dependences on the average metal cation-Al and Al-D distances [3, [8] [9] [10] [12] [13] [14] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] in related alanates (deuterides) with covalent Al-D bonds. The average Al-D distances in corner-sharing AlD6 octahedra in MAlD5 are consistent with those found in hexa-alanates [3] , Sr2AlD7 [14] and Ba2AlD7 [26] . However the D-Al-D angles in the penta-alanates (Table 3) Figure 3 shows the metal cation dependences on the average metal cation-Al and Al-D distances [3, [8] [9] [10] [12] [13] [14] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] in related alanates (deuterides) with covalent Al-D bonds. The average Al-D distances in corner-sharing AlD6 octahedra in MAlD5 are consistent with those found in hexa-alanates [3] , Sr2AlD7 [14] and Ba2AlD7 [26] . However the D-Al-D angles in the penta-alanates (Table 3) [3, [8] [9] [10] [12] [13] [14] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] because their crystal structural investigations on deuterides have not been reported. Average metal cation-Al distance of Na3AlD6 (3.65 Å) [33] is overlapped with NaAlD4 (3.66 Å) [28] . In CaAlSiD, SrAlSiD, BaAlSiD and SrAl2D2, Ca, Sr and Ba were formally considered as their metal cation. 6 , K 2 NaAlH 6 , LaAlH 6 , CeAlH 6 , PrAlH 6 and NdAlH 6 (LiCa(AlH 4 ) 3 and LiCaAlH 6 are theoretical calculation results) [3, [8] [9] [10] [12] [13] [14] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] because their crystal structural investigations on deuterides have not been reported. Average metal cation-Al distance of Na 3 AlD 6 (3.65 Å) [33] is overlapped with NaAlD 4 (3.66 Å) [28] . In CaAlSiD, SrAlSiD, BaAlSiD and SrAl 2 D 2 , Ca, Sr and Ba were formally considered as their metal cation.
Conclusions
Focusing on the corner-sharing AlH 6 octahedron chains as a unique feature of the alkaline-earth metal, we determined the crystal structure of SrAlD 5 , which adopted an orthorhombic unit cell with a = 4.6226(10) Å, b = 12.6213(30) Å and c = 5.0321(10) Å in the space group Pbcm (No. 57) and Z = 4, using synchrotron radiation powder X-ray and neutron diffraction. The crystal structure comprised corner-sharing AlD 6 octahedron chains with Al-D = 1.76-1.81 Å.
Compared with the corner-sharing AlD 6 octahedron chains in CaAlD 5 , SrAlD 5 and BaAlD 5 (penta-alanates), the structure and tilt of the AlD 6 was observed to become more complex as the cation becomes smaller. If BeAlD 5 and MgAlD 5 , which have not been experimentally identified, could be formed, they might have low symmetry structures with large unit cells.
Furthermore, the crystal structures of penta-alanates with corner-sharing AlD 6 octahedron chains were compared with Al-based complex hydrides composed of metal cation(s) and complex anion(s), 
